Mutations in genes encoding chromatin-remodeling proteins, such as the ATRX gene, underlie a number of genetic disorders including several X-linked mental retardation syndromes; however, the role of these proteins in normal CNS development is unknown. Here, we used a conditional gene-targeting approach to inactivate Atrx, specifically in the forebrain of mice. Loss of ATRX protein caused widespread hypocellularity in the neocortex and hippocampus and a pronounced reduction in forebrain size. Neuronal "birthdating" confirmed that fewer neurons reached the superficial cortical layers, despite normal progenitor cell proliferation. The loss of cortical mass resulted from a 12-fold increase in neuronal apoptosis during early stages of corticogenesis in the mutant animals. Moreover, cortical progenitors isolated from Atrx-null mice undergo enhanced apoptosis upon differentiation. Taken together, our results indicate that ATRX is a critical mediator of cell survival during early neuronal differentiation. Thus, increased neuronal loss may contribute to the severe mental retardation observed in human patients.
Introduction
Corticogenesis requires the establishment of a sufficient pool of neuroprogenitors that eventually undergo temporally coordinated waves of mitotic exit, migration, and terminal differentiation to generate the 6 layers of the mammalian cortex (1) . Accordingly, differentiation is known to depend on genetic and epigenetic mechanisms that coordinate the repertoire of expressed genes that are vital for this developmental progression. Although several transcription factors have been shown to be essential for cortical organization (2) (3) (4) , the function of chromatin-remodeling proteins in this process remains poorly defined. The importance of epigenetic factors in neurodevelopment is indicated by the finding that mutations in genes encoding chromatin-remodeling proteins are the cause of X-linked mental retardation (XLMR) disorders (5) . This paradigm was established by the identification of the ATRX gene as the cause of the α-thalassemia mental retardation, X-linked (ATR-X) syndrome (6) and the subsequent identification of mutations in the MeCP2 and RPS6KA3 genes as the causes of Rett syndrome and Coffin-Lowry syndrome, respectively (7, 8) .
Individuals affected with the ATR-X syndrome display moderate to severe cognitive delay associated with α-thalassemia, facial dysmorphism, microcephaly, skeletal and genital abnormalities, and severe neonatal hypotonia (9) . ATRX gene mutations at Xq13 are the underlying genetic cause of this syndrome (6, 10) and a growing list of other XLMR syndromes with overlapping developmental defects (11) (12) (13) (14) or mild XLMR (15, 16) .
The full-length ATRX protein contains a plant homeodomaintype (PHD-type) zinc finger motif and a DNA-dependent ATPase domain of the sucrose-nonfermenting 2 (SNF2) family, which suggests that it is a chromatin-remodeling protein (17, 18) . These 2 domains are highly conserved between mouse and human (19) and correspond to the major mutation sites in affected males (10, 20) which suggests that they are also essential for normal function. A second smaller protein encoded by the ATRX gene, ATRXt, consists of the first 11 exons and retains the PHD zinc finger domain but not the SNF2 domain (21) . Interestingly, mutations that affect both isoforms are no more severe than mutations that alter only the full-length protein (21) .
Although primary structure suggests a role in chromatin regulation for ATRX, it is not clear whether ATRX imparts predominantly a positive or repressive effect on chromatin. ATRX localizes to pericentromeric heterochromatin and associates with heterochromatin protein 1α (HP1α), an adaptor molecule involved in the propagation of heterochromatic domains (22, 23) . Recent biochemical characterization of an ATRX-containing complex has demonstrated that ATRX interacts with Fas death domain-associated protein (DAXX) in promyelocytic leukemia (PML) nuclear bodies (24, 25) . Moreover, this complex has ATP-dependent remodeling activity (24) that is attenuated by mutations found in patients with ATRX (25) . ATRXt has also been shown to colocalize with ATRX and HP1 proteins at pericentromeric heterochromatin, but not with DAXX and PML, which thereby suggests a distinct role for the C-terminal half of the molecule with DAXX (21) . A repressive role is also suggested by homology to the DNA methyltransferase 3 (Dnmt3) family in the zinc finger region (26) and the observation of abnormal methylation patterns at several genomic loci in ATR-X patients (27) .
Despite all these links to repression, a role for ATRX in gene activation is demonstrated by the reduced expression of α-globin in many ATR-X patients with a mild form of α-thalassemia (9) and the identification of somatic mutations in the ATRX gene in patients with α-thalassemia-associated myelodysplasia (28) . Thus, a "snapshot" of ATRX function has emerged as a regulator of chromatin accessibility at numerous loci including the α-globin cluster and unknown target genes that are crucial for development.
To address the role of the full-length ATRX protein in CNS development, we generated a conditional Atrx knockout mouse using the Cre-loxP recombination system controlled by the Forkhead box G1 (Foxg1; ref. 29) and Nestin promoters, which confine Cre recombinase expression to either the forebrain or CNS neuroprogenitors, respectively. We show that loss of ATRX during early shows high levels of ATRX staining in postmitotic neurons of the marginal zone (MZ), cortical plate (CP), and subplate (SP), but lower levels of staining in the proliferative subventricular (SVZ) and ventricular zones (VZ). (C) Sagittal section at P0.5 through the hippocampus demonstrates high ATRX levels in CA1, CA3, and dentate gyrus (DG) subregions. (D and E) Saggital section at P31 through the brain demonstrates that ATRX expression is maintained in the adult throughout the cortex (CX), the hippocampus (CA1 and CA3), and the dentate gyrus subregions. (F-K) Cortical progenitor cells dissected from E12.5 telencephalon were cultured for 6 days and were costained for ATRX (F) and for MAP2 (G), a marker of neuronal differentiation. The merged image (H) reveals coexpression of ATRX and MAP2 in the differentiated cells. In contrast, progenitors costained for ATRX (I) and proliferating cells as measured by BrdU incorporation (J) show low levels of ATRX in the BrdU-positive cells (K, merged image). Higher magnification (×20, K, bottom-right inset) image shows that BrdU and ATRX staining does not significantly overlap. Magnification, ×20 (A, C-K), ×10 (B).
Figure 2
Generation of Atrx gene-targeted mice. (A) A 6.2-kb SstI fragment of the Atrx gene was used to engineer a targeting construct containing a floxed Neo r cassette within intron 17 and loxP sites flanking exon 18. Two herpes simplex virus thymidine kinase (HSV TK) genes were included to allow for positive and negative selection of recombinant ES cell clones. Female mice homozygous for the floxed Atrx allele (Atrx loxP ) were bred to heterozygous Foxg1Cre male mice to generate KO male mice, referred to as Atrx Foxg1Cre . (B) Southern blot analysis of genomic DNA isolated from the cortices of newborn pups of different genotypes. F/Y, floxed-ATRX X chromosome; F/WT, wild-type X chromosome; Cre + , Cre-positive; Cre -, Cre-negative. Right margin: F, floxed allele; R, recombined allele. (C) RT-PCR analysis of RNA isolated from newborn forebrains of Atrx Foxg1Cre males (F/Y, Cre +), control littermates (F/Y, Cre -), or heterozygous females (F/WT) with or without Cre. Fragments were amplified with Atrx primers 17F and 20R, as indicated in A, or Gapdh primers (lower band) in control reactions. As expected, the amplified product was shorter when Cre was present due to recombination of loxP sites. (D) Western blot analysis of proteins isolated from newborn forebrains of wild-type, heterozygous, or knockout mice using an antibody that recognizes both full-length ATRX protein and the truncated isoform ATRXt (39f) or a C-terminal antibody (H300) that detects only the full-length isoform. Loss of full-length ATRX expression is observed in knockout animals, while ATRXt expression is not affected. Tubulin was used as a loading control. embryogenesis leads to significant increases in cortical progenitor cell apoptosis, whereas the proliferative capacity remains largely unchanged. As a result, the neonatal forebrain is abnormal with a major reduction in the caudal-medial cortex, loss of the dentate gyrus, and hypocellularity of several cortical layers. We propose that transcription-dependent events regulated by ATRX play a critical role in mediating the survival of neurons in the developing cortex and hippocampus.
Results

ATRX protein levels increase upon neuronal differentiation.
The normal pattern of ATRX expression in the developing cortex was examined by immunostaining with an ATRX-specific antibody that detects the full-length isoform (22) . ATRX staining was nuclear in all cells and coincided with regions of intense DAPI staining, consistent with the heterochromatin colocalization previously reported in murine cells (Figure 1 , A-C; ref. 23) . ATRX expression was detected as early as E11.5 in the telencephalic neuroepithelium, although at low levels (data not shown). At E13.5, postmitotic cells of the preplate expressed higher levels of ATRX protein than did neuroprogenitors of the ventricular zone ( Figure 1A ). In newborn pups (P0.5-P1.5) the full-length protein was expressed throughout the cortex ( Figure 1B ) and hippocampus ( Figure 1C ) but with the strongest signal confined to the postmitotic cells. Moreover, this signal was maintained in adult animals ( Figure 1 , D and E; ref. 30) . Thus, the pattern of ATRX expression follows the process of neuroprogenitor differentiation. To define this pattern of expression more precisely, we examined ATRX expression levels in primary cortical cells derived from E12.5 telencephalon. After 6 days in culture, the majority of cells had established features of the differentiated state, including the expression of microtubuleassociated protein 2 (MAP2), a marker of neuronal differentiation ( Figure 1G ). Cells stained with MAP2 expressed high levels of the ATRX protein ( Figure 1, F and H) , confirming the pattern of expression observed in the cortex. Conversely, cortical neuroprogenitors labeled with the thymidine analog BrdU as a marker of active proliferation expressed lower levels of ATRX protein (Figure 1, I -K). The elevated expression in postmitotic cells suggests a possible role for ATRX in the induction and/or maintenance of the differentiated state. To further define the role of ATRX in forebrain structures, we proceeded to eliminate ATRX expression by conditional mutagenesis in mice.
Conditional deletion of exon 18 is equivalent to a null mutation. Studies in yeast and Drosophila have demonstrated that inactivation of the ATPase activity of mating-type switching/SNF (SWI/SNF). The corresponding region in ATRX is encoded by exon 18, which allowed us to inactivate the full-length ATRX protein while leaving the shorter ATRXt isoform (exons 1-11) intact. A 6.2-kb SstI fragment spanning exons 17-20 of the Atrx gene was used to generate the targeting construct ( Figure 2A ) and, ultimately, Atrx floxed mice containing loxP sites flanking exon 18. Although these Atrx floxed mice retained the neomycin-resistance gene (neo r ), no ill effects on ATRX expression were observed (data not shown). When Atrx floxed mice were interbred with mice expressing transgenic Cre recombinase under the control of the ubiquitous GATA promoter, the consequent global deletion of Atrx caused early embryonic lethality, as described elsewhere (D. Garrick, W. Wood, A. Smith, R. Gibbons, and D. Higgs, unpublished observations). We attempted to circumvent early lethality by breeding the Atrx floxed mice to the Foxg1Cre mice previously characterized (29) . Foxg1 expression is first detected between E8 and E9 and is found in the telencephalic neuroepithelium, the basal ganglia, and the olfactory bulbs (34) . Due to the location of Atrx on the X chromosome, the Cre-positive hemizygous male progeny resulting from this cross are Atrx null and will be referred to as Atrx Foxg1Cre throughout this text.
Southern blot analysis of genomic DNA isolated from the cortex of Atrx Foxg1Cre newborn pups demonstrated that Cre recombinase expression under the control of the Foxg1 promoter effectively deleted exon 18 ( Figure 2B ). RT-PCR analysis of cortical RNA isolated from mutant and wild-type animals confirmed the deletion of exon 18 ( Figure 2C ). Notably, the amount of this truncated RNA was greatly reduced, suggesting that it is unstable and probably results in reduced protein production. Indeed, immunoblot analyses of proteins isolated from the cortex demonstrated that the full-length ATRX protein was not detected with antibodies recognizing either the N-or C-terminal ends of the protein ( Figure 2D ; 39f and H300, respectively). Importantly, the knockout strategy did not generate any new ATRX isoforms that could provide a "gain-offunction" phenotype, yet the expression of the ATRXt isoform was maintained ( Figure 2D , top panel).
To confirm the specificity of Cre expression resulting from the Foxg1Cre allele, we examined control and Cre + embryos for Cre transcripts by in situ hybridization ( Figure 3 , A and B). Cre expression in E13.5 embryos was detected at high levels in the developing forebrain, with some limited expression in the anterior retina ( Figure 3 , A and B). Cre expression was also observed later in development in the olfactory bulbs (data not shown). Cre activity was examined in the brains of newborn Atrx Foxg1Cre pups (P0-P2) by immunohistochemistry ( Figure 3 , C-H). Cre recombinase was detected in the frontal cortex and hippocampus, whereas no expression was seen in control littermates ( Figure 3 , E and F). The expression of Cre always correlated with the lack of ATRX protein expression, while ATRX staining was still intense in other brain structures ( Figure 3 , C, D, and G). Nonetheless, there were a few cells within the forebrain in which no Cre activity was detected and ATRX expression persisted ( Figure 3H ). Taken together, these results demonstrate that recombination of the Atrx loxP allele results in the loss of ATRX protein in the cortex and hippocampus of hemizygous male progeny.
Reduced weight and perinatal lethality in Atrx Foxg1Cre offspring. The Atrx Foxg1Cre conditional knockout males were smaller (P < 0.001) and did not suckle well, as evidenced by the lack of milk in their stomachs ( Figure 3 , I and J). These mice consequently died within the first 24-48 hours. Mendelian ratios at birth (n = 154) were close to the predicted value (25%), with 23.4% Atrx Foxg1Cre males and 19.4% Atrx Foxg1Cre heterozygous females. Although this is not a statistically significant difference from the expected ratios, we often observed resorbed embryos (7%) in litters from E11.5 to E18.5 that may represent animals in which Cre recombinase expression was widespread, as reported previously (29) . Only 1 Atrx Foxg1Cre male survived 24 days after birth. He was significantly smaller than the control littermates, became progressively weaker, and had to be sacrificed. A subset of heterozygous Atrx Foxg1Cre female mice also survived to adulthood and were fertile, but exhibited abnormal behavior such as nervousness and difficulty in rearing of pups.
Size reduction and hypocellularity in the cortex and hippocampus. In neonatal Atrx Foxg1Cre mice, the frontal cortex was substantially reduced in size ( Figure 3K ), and histological analysis confirmed a reduction in cortical size that was greater in the caudal-medial cortex ( Figure 4, A-D) . Reduction of the subiculum and hippocampus was prominent, and in all Atrx Foxg1Cre pups analyzed, the dentate gyrus was completely missing. In its place, a small mass of disorganized cells was observed (Figure 4 ; compare E with F).
Figure 4
Cortical and hippocampal size reduction and hypocellularity. (A-L) Control (A, C, E, G, I, and K) and knockout (Atrx Foxg1Cre ; B, D, F, H, J, and L) brain sections from P0.5 pups were stained with hematoxylin and eosin. Coronal views of rostral (A and B) and caudal (C and D) forebrain demonstrate the size reduction of the cortex and hippocampus in the conditional knockout animals. There is dysgenesis of the hippocampus (E and F) and lack of a dentate gyrus (asterisk in F) in Atrx Foxg1Cre males, as well as reduced cell density in the CA1 hippocampal field (G and H). There is decreased cortical plate thickness in E15.5 Atrx Foxg1Cre cortex (I and J). There is reduced cell density in rostral cortex at P0.5 in the Atrx Foxg1Cre cortex (K and L). Insets show higher magnification. II-IV, V, and VI represent cortical layers present at birth. (M) Graph depicting cell numbers in the cortical plate at E13.5 and E15.5 and rostral (R) and caudal (C) sections at P0.5. Magnification, ×40 (A-L).
Closer examination of Atrx Foxg1Cre cortical sections revealed a general decrease in cell density in the cortex. Cell counts in rostral and caudal sections showed that cell numbers were reduced by 20-30% in the cortical plate ( Figure 4 , K-M). We also observed a general reduction in hippocampal size ( Figure 4F ), with reduced numbers of CA1 and CA3 pyramidal neurons in Atrx Foxg1Cre animals (illustrated in the high magnification of the CA1 region in Figure 4H ).
To establish the timing of cell loss during corticogenesis, we examined the cortex of embryos at several gestational time points. Although no reduction in cortical cell density was found at E13.5, statistically significant cell loss (P < 0.001) was present by E15.5, indicating a defect early in cortical development (Figure 4 , I, J, and M).
Nextin promoter-driven Cre transgenic mice cause defects similar to those of Atrx Foxg1Cre animals. To confirm that Atrx Foxg1Cre forebrain defects were attributable to the loss of ATRX protein expression, we generated transgenic animals that expressed Cre under the control of the Nestin promoter. Nestin is expressed in mice from E7.75 in the cerebellum and the ventricular and subventricular areas of the developing telencephalon, but not significantly in the hippocampal progenitors of dentate granule cells (35) . We used the previously described NestinCre transgene (36) for pronuclear injection to generate several NestinCre-transgenic lines. Line 2472 showed strong expression in the forebrain and developing CNS on a β-geo reporter strain background (Gtrosa26 tm1Sor ; The Jackson Laboratory; Figure 5 , A and B) and thus was bred to the Atrx floxed mice to generate Atrx NestinCre animals. Atrx NestinCre mice were similar to Atrx Foxg1Cre mice with respect to their size, postnatal survival, and reduction of the caudal-medial cortex (data not shown). Characterization of ATRX expression in the brains of mice at P0.5 showed it was similar to that of Atrx Foxg1Cre mice albeit with several distinct differences. ATRX was detected at birth in the marginal zone and subplate ( Figure 5, C and D) . As these cells originate from the early-born neurons of the preplate, this suggests that Cre activity in the Atrx NestinCre animals commences after preplate formation and at a later developmental time than that observed for the Atrx Foxg1Cre mice ( Figure 5 , C and D). In addition, we observed a mosaic recombination pattern in the cortical plate and hippocampus, with significant ATRX expression present in the neonatal hippocampus ( Figure 5, C and D) . Nonetheless, cell loss was consistently observed in the cortex of Atrx NestinCre animals at P0.5, although to a lesser degree than in Atrx Foxg1Cre animals ( Figure 5 , E and F). The hippocampus was also affected to a lesser degree ( Figure 5 , G and H). Despite these slight differences, which we attribute to transgene differences, results with the Atrx NestinCre mice confirm that hypocellularity of the developing forebrain is a specific effect of ATRX deficiency.
Fewer neurons migrate to superficial cortical layers and the dentate gyrus. To determine the reason for the cortical hypocellularity in Atrx Foxg1Cre mice, we used neuronal "birthdating" experiments to monitor the fate of cells whose normal destination was the 
Figure 6
Many Atrx Foxg1Cre progenitor cells born at E15.5 never reach the superficial layers of the cortex and the dentate gyrus. Female mice homozygous for the Atrx floxed allele were bred to Foxg1Cre-heterozygous males and were injected with BrdU at E15.5, and newborn pups were sacrificed at P0.5. (A) Graph depicting BrdU staining of coronal sections of rostral and caudal forebrain. Fewer labeled cells migrate to the superficial layers of the cortex (rostral, n = 3, P < 0.001; caudal, n = 3, P < 0.001). Control was set as 100% labeling. (B and C) BrdU labeling in the dentate gyrus of cells at E15.5. Fewer labeled cells have migrated to the dentate gyrus in the ATRX-deficient hippocampus (C). Magnification, ×40 (B and C).
superficial layers of the cortex or the dentate gyrus. Pregnant mice were injected with BrdU to label dividing neural precursor cells at E15.5 and the pups were sacrificed at P0.5. The location of BrdU-positive cells in the cortex and hippocampus was examined by indirect immunofluorescence. In Atrx Foxg1Cre pups, we observed that in both rostral and caudal regions of the forebrain, approximately 50% fewer cells at E15.5 reached layers II-IV (rostral, n = 3, P < 0.001; caudal, n = 3, P < 0.001) than did control cells that expressed high levels of ATRX protein ( Figure 6A ). This finding is in agreement with the hypocellularity of superficial layers observed in Atrx Foxg1Cre animals at birth. Similarly, in the hippocampus, fewer dentate gyrus progenitors labeled with BrdU at E15.5 reached the dentate hilus than for normal littermates ( Figure 6 , B and C). Loss of BrdU-labeled cells could result from a decreased rate of progenitor cell proliferation, a defect in migration, or apoptotic death of neuroprogenitors before reaching their destination.
Embryonic neurogenesis is normal in Atrx Foxg1Cre cortical progenitors. To examine whether cell loss in ATRX-deficient mutants resulted from decreased proliferation, we counted the replicating cortical cells that were labeled after a 1-hour BrdU pulse. The fraction of cells in S phase during the BrdU pulse was determined at E11.5 ( Figure 7 , A and B; n = 4), E13.5 ( Figure 7 , C and D; n = 6), and E15.5 ( Figure 7 , E and F; n = 5) from a minimum of 4 different wild-type and Atrx Foxg1Cre littermate pairs. Despite the significant reduction in cortical size observed by E15.5, equivalent numbers of BrdU-positive progenitor cells were detected at each of these gestational time points (Figure 7G ; E11.5, P = 1.000; E13.5, P = 0.181; E15.5, P = 0.482). Similarly, no change in the number of progenitors stained with the mitotic marker phosphohistone H3 was detected (data not shown). These data demonstrate that the loss of cortical cells during the development of Atrx Foxg1Cre cortex is caused by a defect other than in proliferation.
Increased programmed cell death in the developing Atrx Foxg1Cre cortex. We rationalized that if neuronal progenitors proliferate normally, then cells must be lost as they undergo differentiation and start their radial migration toward the pial layer. In fact, the telencephalic cortex of E11.5 and E13.5 knockout embryos was distinguishable from that of normal controls by the presence of numerous clusters of pyknotic cells. These were easily identified by hematoxylin and eosin or DAPI staining and suggested that these cells were in late stages of apoptosis (Figure 8 ; compare A with B and D with F). A striking number of these clusters were present in the hippocampal area at E13.5, with an average of 8.05 ± 2.00 clusters per section (SEM, 1.61; n = 6 pairs) (Figure 8 , E and F), while essentially none were found in normal littermates (Figure 8 ,
Figure 7
Normal proliferation in Atrx Foxg1Cre cortex during embryogenesis. Timed matings were set up between homozygous Atrx-floxed female mice and Foxg1Cre-heterozygous males. Pregnant female mice were subjected to a 1-hour BrdU pulse prior to sacrifice. Embryos were fixed and frozen, and sections were processed for BrdU immunostaining at E11.5 (A and B) , E13.5 (C and D), E15.5 (E and F). Normal controls (A, C, and E) are compared with Atrx Foxg1Cre mice (B, D, and F) . (G) BrdU-positive cells were counted in an identically sized area and data are expressed as a percentage of the total number of cells (DAPI-positive) at E11.5, E13.5, and E15.5. No statistically significant differences in proliferation were observed at any of the time points examined (E11.5, n = 4, P = 1.000; E13.5, n = 6, P = 0.181; E15.5, n = 5, P = 0.482). Magnification, ×40 (A and B), ×20 (E and F), and ×10 (C and D). C and D). We confirmed by TUNEL assay that there was a substantial increase in programmed cell death in ATRX-deficient embryos compared with that of control littermates. A 12-fold increased rate of cell death was observed at E11.5, when the neuroepithelium is comprised mainly of neuroprogenitors and a thin layer of differentiated cells of the preplate (Figure 9 , A, B, and E; n = 3, P = 0.045). We also observed a 4-fold increase in TUNELpositive cells in ATRX-deficient embryos in the proliferative and differentiated cell layers at E13.5 ( Figure 9 , C-E; n = 4, P < 0.001). A reduction of cortical thickness was not apparent at this time during cortical development ( Figure 8, C and E) . At E15.5, a 2-fold increase in TUNEL staining was observed in Atrx Foxg1Cre embryos, with no visible clusters of pyknotic cells. However, the cortical plate at E15.5 was thinner, with approximately 20% fewer cells in the mutant than in control embryos (Figure 4 , I and J). We also examined TUNEL staining in Atrx NestinCre animals at E11 and E13. We observed TUNEL staining throughout these developmental stages; however, unlike the Atrx Foxg1Cre embryos, there were no striking differences at the earlier developmental time points (data not shown). This difference may be attributable to the combination of the later onset and mosaic nature of transgene expression in the Atrx NestinCre mice. In newborn Atrx Foxg1Cre male pups, the number of cells undergoing apoptosis in the cortex as assessed by TUNEL staining was low and was not significantly different from that of controls (data not shown). However, cell death was detectable in the hippocampus, mainly in the subventricular zone of the CA1 field (Figure 9 , F and G), in the dentate migratory stream, and in the few disorganized cells of the abnormal dentate gyrus (Figure 9 , H and I). Taken together, the BrdU-labeling and TUNEL studies suggest that the loss of neurons in ATRX-deficient brains is caused by inappropriate apoptosis rather than defective proliferation.
Enhanced apoptosis is inherent to ATRX-deficient neuroprogenitors.
The loss of ATRX in cortical and hippocampal progenitors is associated with excessive cell death upon differentiation, an outcome that is controlled either by an intrinsic signal or by environmental determinants of neuronal fate. To differentiate between these possibilities, we examined the consequence of ATRX loss in primary cortical progenitor cultures derived from E12.5 Atrx Foxg1Cre embryos. These cell cultures have previously been shown to undergo the transition to postmitotic neurons in vitro (37). As described above, ATRX protein is expressed in control progenitors, but levels increase as the cells differentiate in culture. After 6 days in culture, many cells expressed neuronal differentiation markers, including MAP2, TUJ (β-III tubulin), and NF200 (neurofilament protein, 200 kDa), demonstrating that ATRX-deficient progenitors are capable of differentiating and that ATRX expression is not essential for neuronal determination in vitro ( Figure 10, C and D) . Initially, we compared cell proliferation after 2 and 6 days in culture and observed no difference in BrdU labeling, as suggested by our earlier in vivo analysis ( Figure 10, A and B) . Although the level of apoptosis by TUNEL staining was low in both control and ATRX-deficient cells after 2 days in culture (data not shown), we observed increased numbers of apoptotic cells in ATRX-deficient progenitor cells after 6 days compared with that of the controls (Figure 10, E-H) . This phenomenon was especially notable in cultured progenitors from heterozygous female embryos, in which only a subset of cells lacked ATRX protein due to the random pattern of X-inactivation. In mosaic progenitor cell colonies, the absence of ATRX protein always correlated with increased cell death, while the presence of the protein was protective and promoted survival ( Figure 10I ). These data demonstrate that ATRX protein is not required for the induction of some differentiation markers such as MAP2, but that in its absence, many
Figure 9
Increased apoptosis in Atrx Foxg1Cre embryonic cortex and postnatal hippocampus. (A-I) The TUNEL assay was performed on embryos at E11.5 (A and B) and E13.5 (C and D) and at P0.5 in the hippocampus (H and I). Atrx Foxg1Cre  sections (B, D, G, and I) are compared with littermate controls (A, C, F, and H) . A substantial increase in the number of TUNEL-positive cells is observed in Atrx Foxg1Cre E11.5 neuroepithelial layer (compare A with B) . This increase persists in the cortex of E13.5 embryos (C and D) and is not restricted to the proliferative ventricular layer. (E) Graph depicting the increased number of apoptotic cells in ATRX-deficient embryos detected by TUNEL assay. TUNEL-positive cells were counted and data expressed as a percentage of total number of cells (DAPI-positive; E11.5, n = 3, P = 0.045; E13.5, n = 4, P < 0.001). At P0.5, increased levels of TUNEL-positive cells are detected in the subventricular zone of the CA1 field (F and G) and in the developing dentate gyrus (H and I). PL, pial layer; H, hippocampus; MS, migratory stream. Missing DG in I is indicated by an asterisk. Magnification, ×20 (A, B, and F-I) and ×10 (C and D).
differentiating neurons undergo inappropriate cell death, a mechanism that is cell autonomous and inherent to neuroprogenitors.
Discussion
Programmed cell death plays an important role in cortical development by removing the excessive numbers of neurons that are generated in the subventricular zone but not incorporated into the cerebral layers (38) (39) (40) . Utilizing 2 different Cre-transgenic matings to disrupt the murine Atrx gene, we observed significant and inappropriate levels of neuronal loss during corticogenesis. Specifically, this occurred during early stages (E11-E13.5) as well as postnatally in hippocampal progenitors and ex vivo in isolated progenitor cultures. Thus, the early onset of apoptosis in Atrxknockout animals demonstrates an important requirement for ATRX for survival during neuronal differentiation.
The idea of a role for ATRX in the developing neocortex is also supported by overexpression experiments in transgenic mice, as these animals generate excessive neuroprogenitors, culminating in a disorganized neuroepithelium layer and compromised embryonic survival (41) . Certainly, gene regulation via chromatin remodeling at the time of neuronal differentiation is indicated, as genes driving cell cycle progression must be silenced while concurrently genes essential for differentiation require activation. Indeed, ablation of other transcription regulators such as the estrogen receptor β and Creb/Crem family members leads to hypocellularity due to inappropriate neuronal apoptosis (42, 43) . Thus, the increased apoptosis could result from a large number of direct or indirect mechanisms. These mechanisms include a failure to induce expression of neurotrophic factors or their receptors, altered expression of genes involved in the apoptotic cascade, or the inappropriate regulation of genes that ultimately trigger a cell death pathway. However, ATRX is not essential for neuronal survival, as about 75% of cells survive. Thus, the stochastic frequency of apoptosis in Atrx Foxg1Cre mice suggests that compensating factors can overcome the functional loss of ATRX protein in most cells. Alternatively, the loss of ATRX may generate a hypersensitive state such that the cells are more apt to "choose" death over survival during the stress that accompanies differentiation and cell cycle withdrawal.
Recently, ATRX was shown to associate in a complex with DAXX (24, 25), a protein with both transcriptional repressive and proapoptotic functions that localizes to PML nuclear bodies. Extensive studies have demonstrated that both DAXX and PML are regulators of apoptosis. DAXX was originally shown to control Fas-mediated apoptosis through activation of ASK1 and induction of the Jun N-terminal kinase pathway (44, 45) . Similarly, it is well documented that PML plays a role in the activation of multiple p53-dependent and -independent (Fas-and TNF-induced) apoptotic pathways (46) . PML and DAXX cooperate in potentiating Fas induced apoptosis, probably by modulating the transcription of genes involved in Fasinduced caspase activation and apoptosis (47) . Because ATRX and DAXX interact, one may speculate that loss of ATRX may compromise the regulation of apoptotic genes increasing the sensitivity of the cell to proapoptotic signals such as stress.
Dysregulation of programmed cell death in the neuroprogenitor population is predicted to manifest as microcephaly and cognitive delay. Studies of Down syndrome and the corresponding trisomy 16 mouse model have reported large increases in cell death with a significant reduction in cortical mass (48) (49) (50) (51) (52) . Similar parallels can be drawn between the ATRX-deficient mice and the human disorder. Microcephaly has been reported in a large majority (76%) of ATR-X patients (9) . In addition, the Atrx Foxg1Cre mice presented with severe hypotonia and feeding difficulties at birth, which is a common symptom observed in about 85% of ATR-X patients (9). Indeed, the hippocampal dysgenesis in ATRX-deficient mice could provide a ready explanation for the neuronal deficiencies, such as severe learning and memory deficits and a high incidence of seizures (35-40%) , that are present in affected males (9) . Nevertheless, ATRX-deficient mice rarely survive past the first 2 postnatal days. This rather severely deleterious phenotype is probably a consequence of the complete loss of ATRX in this mouse model. At present there are no human mutations that are known to be null. Some premature stop mutations, which were previously thought to be null, produce full-length protein (R.J. Gibbons et al., unpublished observations) and SNF2 domain missense mutations attenuate ATPase activity (25) .
In conclusion, we have demonstrated here that loss of ATRX function within the forebrain significantly affects normal corticogenesis. Moreover, our data suggest that ATRX can play a role in normal cell differentiation in general, and this may contribute to many of the known features of the ATR-X syndrome.
Methods
Generation of mice. A 6.2-kb SstI fragment containing exons 17-20 of the murine Atrx gene was isolated from a 129-derived genomic library and was subcloned into pCR-ScriptSK + (Stratagene) from which the BamHI site had previously been removed. Using oligonucleotide linkers, a unique Eco47III site midway between exons 17 and 18 was converted to a BamHI site for the insertion of the BamHI fragment comprising a neomycin-selectable marker flanked by loxP sites (MC1neopA). A BglII site was introduced by mutagenesis into the middle of intron 18 to allow insertion of additional loxP and SstI sites. An XhoI-SalI fragment, MC1tk dimer, containing 2 copies of the herpes simplex virus thymidine kinase gene driven by the F9 enhancer, was inserted in the SalI cloning site of the vector. This construct was linearized with XhoI prior to electroporation. Recombinants were screened by Southern blot with probes flanking the homology arms. Animals were generated by blastocyst injection in collaboration with A. Smith (University of Edinburgh, Edinburgh, United Kingdom).
The Foxg1Cre transgenic line (29) was kindly provided by S. McConnell (Stanford University, Stanford, California, USA). NestinCre mice were generated by pronuclear injection of the nestin-Cre plasmid (generously provided by P.C. Orban, University of British Columbia, Vancouver, British Columbia, Canada) into mouse embryos from FVB/N mice as described previously (41) . Transgenic mice were analyzed for recombination in situ using reporter mice carrying a β-galactosidase transgene whose expression was dependent on Cre-mediated recombination. All animal studies were approved by the University of Ottawa Animal Care Committee, accredited by the Canadian Council on Animal Care.
Animal husbandry/genotyping. Mice conditionally deficient in ATRX were generated by crossing of Atrx loxP females (C57BL6 background) with heterozygous Foxg1Cre-knock-in male mice (FVB/N; ref. 29) or with NestinCre-heterozygous males (FVB/N background). DNA from tail tissue of newborn pups or yolk sac DNA from embryos was genotyped by PCR with the following primers: 17F, 18R, and neo r . For Southern blot analysis, a DNA fragment spanning exons 17 and 18 was used as a probe and hybridized to mouse genomic DNA digested with SstI. For developmental studies, midday of the day of vaginal plug discovery was considered E0.5. At scheduled times, pregnant females were anesthetized by CO2 and sacrificed by cervical dislocation.
RT-PCR. Five micrograms of total RNA obtained from Atrx Foxg1cre and littermate control cortices was reverse-transcribed as described (41) and was used for PCR amplification with the following primers: Mxnp31 (exon 18)/Mxnp30 (exon 20), 17F (exon17)/Mxnp30 (exon 20), and GAPDHF/ GAPDHR as control primers. Conditions for amplification were as follows: 95°C for 3 minutes, followed by 30 cycles of 95°C for 30 seconds, 55°C for 30 seconds, and 72°C for 10 minutes.
Histology and immunofluorescence. Embryos and postnatal brains were fixed and sectioned as described previously (41) . For histology, slides were stained with hematoxylin and eosin. For immunofluorescence staining, sections were incubated with the primary antibody overnight at 4°C, washed for 1 hour in PBS, and incubated with the secondary antibody for 1 hour. Sections were counterstained with DAPI and mounted in Vectashield (Vector Laboratories, Inc). The following primary antibodies were used: anti-ATRX, rabbit polyclonal (1:100 dilution; Santa Cruz Biotechnology Inc.) anti-Cre recombinase, mouse monoclonal (1:100 dilution; Babco), anti-TuJ1 (mouse monoclonal hybridoma supernatant,1:25 dilution; from D. Brown, University of Ottawa, Ottawa, Ontatio, Canada) anti-phosphohistone H3 (1:100 dilution), anti-MAP2 mouse monoclonal (1:100 dilution; Sigma-Aldrich), and anti-NF200, rabbit polyclonal (1:100 dilution; Sigma-Aldrich). The secondary antibodies used were goat anti-rabbitAlexa 594 (1:2,000 dilution; Molecular Probes) and goat anti-mouse-FITC (1:100 dilution; Sigma-Aldrich). The TUNEL assay was performed using the In Situ Cell Death Detection Kit (Roche Diagnostics) according to the manufacturer's instructions.
BrdU labeling. For labeling of cells in S phase, homozygous Atrx loxP mice obtained from timed matings were injected intraperitoneally with 14 mg BrdU (Sigma-Aldrich) per 100 g body weight (53) . Animals were sacrificed after 1 hour by cervical dislocation and the embryos were recovered in icecold PBS, pH 7.4, and were fixed in 4% paraformaldehyde. For birthdating experiments, BrdU was injected intraperitoneally into pregnant mice at E11.5, E13.5, and E15.5, and brains were dissected from neonatal offspring (P0.5). Incorporation of modified nucleotide was detected by staining with anti-BrdU (BU-20) as described previously (54) .
Primary neuroprogenitor cultures. Cortical progenitor cell cultures were prepared as described previously (55, 56) using cortices dissected from E12.5 embryos. Cells were processed for immunofluorescence and TUNEL staining 2 and 6 days after plating. For BrdU-labeling experiments, cells were incubated for 16 hours in the presence of 10 μM BrdU and were fixed for 10 minutes with cold EtOH:MeOH (3:1). Cells were pretreated for 20 minutes with 2 N HCl to denature DNA and for 10 minutes with 0.1 M Na2B4O7, pH 8.5. Cells were washed 3 times with PBS and were incubated for 1 hour with a 1:100 dilution of primary anti-BrdU (BU-20) in 2% BSA/PBS. After 3 washes with PBS, cells were incubated for 1 hour with secondary anti-mouse-FITC (1:100 dilution) in 2% BSA/PBS and were counterstained with DAPI.
